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Abstract — Three-dimensional (3D) particle-in-cell (PIC) sim- 
ulations are used to investigate the interaction of ultrahigh 
intensity lasers (> 10 20 W/cm~ 2 ) with matter at overcritical 
densities. Intense laser pulses are shown to penetrate up to 
relativistic critical density levels and to be strongly self-focused 
during this process. The heat flux of the accelerated electrons 
is observed to have an annular structure when the laser is 
tightly focused, showing that a large fraction of fast electrons 
is accelerated at an angle. These results shed light into the 
multi-dimensional effects present in laser-plasma interactions of 
relevance to fast ignition of fusion targets and laser-driven ion 
acceleration in plasmas. 

Index Terms — Intense lasers, fast ignition, plasma-based accel- 
erators, three-dimensional particle-in-cell simulations. 

THE interaction of ultraintense laser pulses with matter has 
opened the way to the exploration of highly nonlinear 
physical regimes of interest for many applications such as 
fast ignition of fusion targets (TJ, J2] or compact plasma 
based accelerators Q, J4). In many of these scenarios, the 
laser frequency is lower than the plasma frequency of the 
ionized target (overcritical target) and therefore the laser 
cannot penetrate deep into the plasma, being reflected and/or 
absorbed. 

The detailed study of laser absorption is crucial in order to 
understand the generation of fast electrons in these regimes. 
However, overcritical targets are difficult to probe experi- 
mentally and therefore many experimental results rely on 
particle-in-cell (PIC) simulations in order to better understand 
laser absorption and fast electron acceleration. Most of the 
simulation studies are limited to one-dimensional (ID) ||5) 
and two-dimensional (2D) [6| simulations, due to the need 
to resolve the fine temporal and spacial scales of plasmas at 
very high densities. 

In this paper we present 3D OSIRIS (7) simulations of the 
interaction of ultraintense laser pulses with overcritical targets 
in order to study some of the multi-dimensional features of 
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particle acceleration/laser absorption in these regimes. We use 
a laser pulse with an intensity of 2 x 10 20 W/cm -2 (normalized 
vector potential an = 12), central wavelength An. = 1 /zm, 
focused to a spot size of 5 /mi at the target front. The 
pulse has a gaussian transverse profile and a flat-top temporal 
profile with 60 fs gaussian rise time. The target consists of 
a deuterium plasma with a density gradient going from the 
critical density, n c , to 50 n c , scale length L g — 2.5 /xm, 
followed by a 30 /im region at 50 n c . The simulation box 
has a size of 50 x 30 x 30 /im 3 , which is resolved with 
1416 x 848 x 848 cells, and is run up to 500 fs. Each cell 
has 8 electrons and 8 ions for a total of ~ 15 billion particles. 

Fig. [T] illustrates the interaction of the laser pulse with the 
overcritical target after 400 fs of propagation as well as the 
main features of the fast electron population that is generated 
during the interaction. The laser pulse is observed to penetrate 
the target up to > 15 n c due to relativistic effects and to 
be continuously self-focused during this process down to a 
spot size of ~ 1 /im. This penetration density is consistent 
with the relativistic critical density, 7n c , which is ~ 12 n c 
for the initial pulse intensity. The plasma electron density is 
highly distorted during the interaction. Close to the critical 
layer, the density is highly modulated at the laser wavelength, 
and at higher densities it is expelled forming a channel. The 
electron heat flux in the forward direction is shown to exhibit 
an annular structure, indicating that, due to the tight focus of 
the laser, most of fast electrons are accelerated at an angle, 
which is consistent with experimental observations of annular 
patterns at the back of a solid target after being hit by an 
ultraintense laser pulse [8 1. The plasma electron kinetic energy 
is maximum at the tip of the laser pulse where considerable 
electron acceleration occurs. 

In conclusion, we have presented 3D simulations of the 
interaction of ultrahigh intensity laser pulses with overcritical 
targets. Our results illustrate the importance of a detailed 
multi-dimensional analysis in order to understand laser absorp- 
tion and the dynamics of fast electrons, which can be relevant 
in several scenarios, such as fast ignition of fusion targets and 
ion acceleration in laser-solid interactions. 
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Fig. I . Interaction of an ultrahigh intensity laser pulse with an overcritical plasma slab, (top-left) The laser pulse (red-blue) hits a deuterium plasma (green) 
from the left-hand- side of the simulation box, accelerating electrons (spheres colored by energy from to 15 MeV: blue- yellow-red), (top-right) Laser (red- 
blue) penetration and self-focusing in the overcritical plasma. The different isosurfaces (green) correspond to different plasma densities: n c (left plane), 5 
n c (middle plane), and 15 n c (right plane), (bottom-left) Electron heat-flux (violet-blue-green-red) generated by the strong laser (red-blue). The projections 
correspond to the heat flux in the different simulation planes, illustrating the generation of an annular pattern in the laser propagation direction, (bottom-right) 
Plasma electron kinetic energy density (violet-blue-green-red) when hit by the laser pulse (red-blue). The projections correspond to the kinetic energy density 
in the different simulation planes. 
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